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Abstract
During bloom events, Escherichia coli cell counts increase to between 10,000 and 100,000 cfu/100 ml of
water. The strains responsible for bloom events belong to E. coli phylogenetic groups A and B1, and all
have acquired a capsule from Klebsiella. A pan‐genome comparison of phylogroup A E. coli revealed that
the ferric citrate uptake system (fecIRABCDE) was overrepresented in phylogroup A bloom strains
compared with non‐bloom E. coli. A series of experiments were carried out to investigate if the capsule
together with ferric citrate uptake system could confer a growth rate advantage on E. coli. Capsulated
strains had a growth rate advantage regardless of the media composition and the presence/absence of
the fec operon, and they had a shorter lag phase compared with capsule‐negative strains. The results
suggest that the Klebsiella capsule may facilitate nutrient uptake or utilization by a strain. This, together
with the protective roles played by the capsule and the shorter lag phase of capsule‐positive strains, may
explain why it is only capsule‐positive strains that produce elevated counts in response to nutrient influx.
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Originality-Significance Statement
E. coli is still extensively used as water quality indicator, despite a growing body of evidence
that indicates some strains have become adapted to the external environment and where
their presence in water has little to do with faecal contamination. Among such strains, are
strains (bloom strains) that frequently produce significantly elevated counts in water in
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Australia, and that have all acquired a capsule that has originated from Klebsiella. The ferric
citrate uptake system encoded by fecIRABCDE is over-represented in phylogroup A bloom
strains, the majority of bloom strains, compared to non-bloom phylogroup A E. coli.
However, the evidence suggests that the possession of the fecIRABCDE operon does not
play a role, while the possession of a capsule seems to be a key factor that leads to the
persistence and proliferation of the strains in the aquatic environment.
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Summary
During bloom events, Escherichia coli cell counts increase to between 10,000 – 100,000
cfu/100 ml of water. The strains responsible for bloom events belong to E. coli phylogenetic
groups A and B1, and all have acquired a capsule from Klebsiella. A pan-genome comparison
of phylogroup A E. coli revealed that the ferric citrate uptake system (fecIRABCDE) was overrepresented in phylogroup A bloom strains compared to non-bloom E. coli.
A series of experiments was carried out to investigate if the capsule together with ferric
citrate uptake system could confer a growth rate advantage on E. coli. Capsulated strains
had a growth rate advantage regardless of the media composition and the
presence/absence of the fec operon, and they had a shorter lag phase compared to capsulenegative strains. The results suggest that the Klebsiella capsule may facilitate nutrient
uptake or utilisation by a strain. This, together with the protective roles played by the
capsule and the shorter lag phase of capsule-positive strains, may explain why it is only
capsule-positive strains that produce elevated counts in response to nutrient influx.

Introduction
Escherichia coli bloom events have been reported from freshwater reservoirs and
recreational lakes across Australia (Power et al., 2005). During bloom events, E. coli cell
counts increase to between 10,000 – 100,000 cfu/100 ml of water, well above the ‘safe’ cutoff level of 235 cfu/100 ml in a single sample of recreational water (Ishii and Sadowsky,
2008; U.S. EPA, 2012). Thirty-five isolates representing eight different strains have been
isolated from bloom events that occurred at different time periods (2002-2015) in multiple
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localities across Australia. Three strains are from the east coast of Australia, and two of
these belong to the E. coli phylogenetic group A, while the other belongs to group B1. Five
strains have been isolated from Western Australia and four of these belong to phylogroup A,
while one strain belongs to phylogroup B1. The phylogroup A strains represent the majority
of bloom strains isolated to date (Power et al., 2005; Nanayakkara et al., 2019).

Common to all bloom strains is the presence of a capsule originating from Klebsiella (Power
et al., 2005; Nanayakkara et al., 2019). The Klebsiella capsule is an outermost layer of
polysaccharide, of approximately 160 nm in thickness, which covers the bacterial cell
surface (Amako et al., 1988; Whitfield and Roberts, 1999). In the external environment, the
capsule is believed to enhance cell persistence by providing protection from adverse
conditions, including ultra violet (UV) radiation, desiccation, osmotic stress, predation by
protozoa, and bacteriophage infection (Weiner et al., 1995; Rendueles et al., 2017).
During non-bloom periods, bloom strains occur in water bodies at low densities (Power et
al., 2005). Nutrient influx events such dust storms and the autumn die-off of aquatic
vegetation are known to precede elevated counts of bloom strains, where they outcompete
all other co-occurring E. coli (Littlefield-Wyer, 2006; Water Research Australia, 2019). Given
that the capsule enhances cell persistence, capsulated strains are more likely to be present
in water than non-capsulated strains when a nutrient influx event occurs. A typical water
sample however contains multiple genotypes of E. coli (Casarez et al., 2007; Higgins et al.,
2007), and it remains to be investigated if the presence of a capsule alone is sufficient to
explain why only capsulated strains, and not all co-occurring E. coli, increase in number in
response to nutrient influxes.
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Iron is a limited nutrient and is fundamentally important for bacterial growth (Neilands,
1981; Braun, 2003; Leiby et al., 2012; Braun and Hantke, 2013; Westrich et al., 2016). Iron
received via Saharan dust has been implicated in causing up to a 30-fold increase in
culturable Vibrio in the Caribbean and sub-tropical Atlantic waters (Westrich et al., 2016). A
pan genome analysis of phylogroup A E. coli strains revealed that genes of the ferric citrate
uptake system; fecIRABCDE (Staudenmaier et al., 1989), were present in 100% of the
phylogroup A bloom strains compared to non-bloom phylogroup A E. coli (<39%)
(Nanayakkara et al., 2019). The ferric citrate uptake system operates aerobically for the
uptake of iron via a citrate chelator, as dinuclear ferric citrate (Frost and Rosenberg, 1973;
Braun, 2003; Grass, 2006). The contribution of this citrate mediated iron uptake system and
the co-occurring Klebsiella capsule to the overall growth rate of E. coli has not been
investigated. The combination of this iron uptake system and capsule may confer bloom
strains a growth advantage, thereby leading to the elevated cell counts observed during
bloom events.
Experiments were undertaken with the objective of exploring phenotypic attributes and
growth characteristics that may contribute to the elevated cell counts observed in bloom
events.

Results
The effect of capsule, fec operon, iron, and citrate on growth rate
The media were selected so as to monitor the effect of the fecIRABCDE operon on growth
through the availability of iron and citrate. The assumption was that in the presence of iron
and citrate both, the fecIRABCDE operon would be functional for iron uptake. In the absence
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of either one or both components, the fecIRABCDE operon is presumed not to be functional.
Overall, the mean growth rate was significantly higher in media with both iron and citrate
[iron+cit+], and neither iron nor citrate [iron-cit-], compared to media having only one
component. The enhanced growth of strains in the absence of both iron and citrate imply
that the fecIRABCDE operon had not played a role in enhancing growth. The capsulated
strains had a mean growth rate that was significantly higher than that of both capsulenegative genotypes [cap-fec+ and cap-fec-], and grew better than the capsule-negative
strains in all media (ANOVA: Genotype, p<0.0001; Media, p<0.0001; GenotypeMedia, p =
0.002) (Fig. 1). However, the growth rate of the cap+fec+ strains was more or less similar
independent of media, and this caused the significant interaction effect. Overall, the results
indicated that the dominant growth response was caused by the capsule.
2,2’-Dipyridyl was added to the same media to eliminate the availability of iron, and thereby
to infer if any growth advantage is mitigated in the absence of iron. When Dipyridyl was
added to the media an overall decline in the growth rate was observed, with the exception
of cap+fec- strains (Genotype, p<0.0001; Media, p = 0.01; Genotype×Media, p = 0.60) (Fig.
2). Across media, the cap+fec- strains had a significantly higher growth rate compared to
the other genotypes. On average, growth was better in media with iron present than when
it was absent, indicating that dipyridyl had not completely eliminated iron availability. As
was observed in the first experiment, the growth rate of the cap+fec+ strains did not vary
with media.
[Fig. 1 and Fig. 2 may appear here]

Presence/absence of other major iron uptake systems
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All strains were positive for the Fe(II) uptake systems encoded by feoABC and efeUOB. The
enterobactin biosynthesis and uptake system was present in all capsulated strains, and 92%
(11 out of 12) of capsule-negative strains. Aerobactin was present in 17% of both capsulated
and non-capsulated strains. Salmochelin was present in 17% of capsulated strains and
absent from non-capsulated strains. Yersiniabactin was present in 25% of capsulated strains
and 33% of non-capsulated strains (Supporting Information Table 1).

Growth rate in different carbon sources
The four sugars selected differ in their uptake mechanism through the bacterial inner and
outer membrane. The growth rate of the strains was highest in trehalose, followed by
maltose, with the exception of cap-fec- strains. The strains exhibited the lowest growth
rates in mannitol and glycerol (p<0.0001). Except for mannitol, the capsulated strains grew
better compared to the capsule-negative strains (Fig. 3). In trehalose, the maximum growth
rate of the capsule-positive strains was markedly higher compared to the capsule-negative
strains, suggesting that harbouring the capsule increases the growth rate in trehalose. This
suggests that the capsulated strains might have an enhanced LamB and/or PTS-mediated
nutrient acquisition system.

[Fig. 3 may appear here]

Growth at low and high glucose concentrations
At both low (0.01 mM) and high (10 mM) glucose concentrations, the cap+fec+ strains grew
better than the other genotypes (Table 1). At both glucose concentrations, the genotype
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effect was significant, while the initial cell density N0 did not have a significant effect on the
outcomes (0.01 mM glucose: ANCOVA: Genotype, p = 0.03; N0, p = 0.2; Genotype×N0, p =
0.3; 10 mM glucose: ANCOVA Genotype, p = 0.03; N0, p = 0.4; Genotype×N0, p = 0.4). In 0.01
mM glucose, the cap+fec+ strains grew significantly better than the cap-fec- strains, but the
growth of the cap+fec- and cap-fec+ strains did not differ significantly from the other
genotypes. In 10 mM glucose, the cap+fec+ strains grew significantly better than the capfec+ strains, yet the growth of the cap+fec- and cap-fec- strains did not differ significantly
from the others. Overall, the cap+fec+ strains grew better than the others, regardless of the
glucose concentration.

Length of lag phase in 10 mM glucose
The capsulated strains had a lag phase that was shorter than that of the capsule-negative
strains (Table 1). The genotype effect was significant (p<0.0001). The cap+fec+ genotype
had the shortest lag phase followed by the cap+fec- strains, while the cap-fec- genotype had
the longest lag phase.

[Table 1 may appear here]

Discussion
We show that capsulated strains are at a growth rate advantage relative to non-capsulated
strains regardless of the media composition, and that they have a shorter lag phase.
Whole genome sequence comparisons revealed that the ferric citrate uptake system
fecIRABCDE is over-represented in the phylogroup A bloom strains (100%) compared to
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phylogroup A non-bloom E. coli (<39%) (Nanayakkara et al., 2019). The ferric citrate system
acquires Fe(III) that is bound to a citrate chelator, which shuttles iron to the FecA receptor
without citrate entering the cell (Staudenmaier et al., 1989; Braun, 2003; Grass, 2006).
Hence, the functioning of the fec operon requires both Fe(III) and citrate to be present in
the culture media. Citrate on its own is presumed to have no effect on growth as most E.
coli are unable to utilise citrate aerobically as a sole carbon source due to the absence of an
aerobically-functioning transport system (Koser, 1924; Lara and Stokes, 1952; Hall, 1982).
In both experiments involving iron and citrate, on average the capsulated strains grew
better compared to the capsule-negative strains, regardless of the presence or absence of
the fec operon. The growth rate of the cap+fec+ strains did not vary with the media (Fig. 1
and Fig. 2). The cap+fec- strains and the capsule-negative genotypes grew better when both
iron and citrate were present and when neither iron nor citrate was present compared to
when one component was absent (Fig. 1). The results of these experiments show that the
subtraction of iron using dipyridyl reduces the growth rate across genotypes except for
cap+fec-, proving that iron enhances bacterial growth, as reported previously (Leiby et al.,
2012; Braun and Hantke, 2013; Westrich et al., 2016); however, the results do not suggest
that the presence of the fec operon plays a key role in determining the growth rate. Rather,
the dominant growth response appears to have been caused by the capsule. The overrepresentation of the fecIRABCDE genes in the phylogroup A bloom strains might merely be
due to chance, and the absence of the fec operon in the phylogroup B1 bloom strains
further validates this.
The strains used in the iron/citrate assays carry genes for several iron uptake systems
including the siderophore, enterobactin. Multiple iron uptake systems can operate
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simultaneously (Frost and Rosenberg, 1973; Braun and Hantke, 2013), and certain proteins
are shared among different iron uptake systems, for instance, the degraded ironsalmochelin complex can be transported via the enterobactin-related ABC transporter
FepBDGC (Hantke et al., 2003). The variable presence of multiple other iron uptake systems
in the strains complicates this study, which focuses solely on the ferric citrate system.
Despite the presence of other iron uptake systems, the capsule-positive strains were shown
to have a growth rate advantage relative to the capsule-negative strains, and that was
largely independent of the presence or absence of iron.
Capsulated strains had an enhanced growth rate in trehalose compared to non-capsulated
strains. The induction of the outer membrane porin LamB (λ receptor) is crucial for the
efficient uptake of trehalose into the cell (Klein and Boos, 1993), which subsequently passes
through the PTS system in a phosphorylated form, facilitated by the transporter protein
EIIBCTre (Boos et al., 1990; Travisano and Lenski, 1996). Maltose uptake also occurs via
LamB, and may enter the trehalose PTS system, and diffusion is facilitated by EIICTre, and it is
transported in an unphosphorylated form (Nikaido and Vaara, 1985; Benz et al., 1986;
Decker et al., 1999; Steen et al., 2014). Capsulated strains did not out-perform the capsulenegative strains to the same extent in maltose as they did in trehalose. We speculate that
the enhanced growth in trehalose may be due to efficient diffusion of trehalose via LamB
and the PTS system in its phosphorylated form. However it is not known if PTS transport of
phosphorylated carbohydrates is more efficient than non-phosphorylated carbohydrates.
Overall, our data suggest that capsulated strains have an enhanced trehalose-related
nutrient uptake and/or utilisation system, but further studies are required to establish how
this occurs.
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During non-bloom periods, the water bodies in which E. coli bloom events occur are
presumably oligotrophic, where sugars and amino acids are at very low concentrations,
yielding very low bacterial growth rates (Hobbie and Hobbie, 2013). Bloom strains occur at
low densities during non-bloom periods and elevated counts are triggered by nutrient influx
events such as dust storms (Water Research Australia, 2019). Glucose concentrations of 1
mM resulted in cell densities of around 108 cells/ml whereas E. coli counts during bloom
events are 102 – 103 cells/ml of water. Therefore, the nutrient concentrations needed to
obtain the cell densities observed in bloom events would be very low. This suggests that
bloom strains grow better than non-bloom strains at low nutrient concentrations. As the
nutrients that trigger bloom events are not yet defined (Water Research Australia, 2019),
there were constraints in designing artificial media to mimic bloom waters. A
comprehensive chemical analysis of bloom water samples is warranted to determine what
nutrients promote E. coli blooms. As bloom events are rare in occurrence, there are
significant practical difficulties in using actual bloom water samples for experimentation.

Studying livestock manure and stream water, Cook and colleagues (2011) showed that E.
coli strains with group II capsules were less capable of surface attachment compared to
those without a capsule. Schembri and colleagues (2004) have also demonstrated that the
capsule shields the cell surface adhesion structures and thereby hinder biofilm formation by
E. coli. It is speculated that non-adherence promotes transport of E. coli cells in the
environment (Cook et al., 2011). Rendueles and colleagues (2017) also revealed that
capsules are more likely to occur in free-living species than in pathogens, suggesting a
significant role of capsules in bacterial survival outside a host. However, apart from the
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Australian bloom strains (Power et al., 2005; Nanayakkara et al., 2019), solid evidence for a
direct involvement of capsules in the survival of E. coli in the environment is scant.

All E. coli strains associated with bloom events are Klebsiella capsule-positive, while the
frequency of Klebsiella capsules in E. coli overall is only 7% (Nanayakkara et al., 2019). This
means that the Klebsiella capsule is a vital attribute of bloom strains. From an ecological
perspective, the possession of a capsule is believed to enhance strain persistence by
providing protection from desiccation, osmotic stress, UV radiation, and protozoal predation
(Weiner et al., 1995; Rendueles et al., 2017). Due to the protective features of the bacterial
capsule, it is probable that capsulated strains, compared to non-capsulated strains, are
more likely to be present in water when nutrient influx events occur. However, a typical
water sample contains multiple genotypes of E. coli (Casarez et al., 2007; Higgins et al.,
2007), and it might be expected that all strains present should respond to a nutrient influx
event.

Bacteria in oligotrophic waters are on a starvation-survival lifestyle, and are

generally quick to respond when substrate is added (Hobbie and Hobbie, 2013). However, it
is only the capsule-positive strains that produce blooms in response to nutrient influxes. The
results of the present study indicate that the capsule-positive strains are better able to take
advantage of nutrient influxes because they have shorter lag phases which means that they
start dividing earlier, and likely have an enhanced nutrient uptake system, leading to higher
growth rates than non-capsulated strains.

The Klebsiella capsule region is made up of approximately 14-25 genes, but none of these
genes are thought to be actively involved in metabolism. In addition to shorter lag phase,
other factors such as efficient nutrient uptake and faster cell division together might drive
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the elevated counts of capsulated strains. The capsule synthesis regulator rcsB is implicated
in the activation of ftsZ which is involved in forming the cell division apparatus in E. coli
(Gervais et al., 1992; Carballès et al., 1999), and this might yield higher growth rates.
Further, the capsule core gene product GalF via its interaction with GalU, leads to increased
cellular levels of UDP-Glucose (Marolda and Valvano, 1996), which is a precursor for
carbohydrate biosynthesis and hence may lead to the production of energy (Marolda and
Valvano, 1996; Berbís et al., 2015; Ebrecht et al., 2015). Structurally, the Klebsiella capsule is
thicker (160 nm) than the E. coli K1 capsule which is less than 10 nm in thickness, and the
Klebsiella capsule has a denser arrangement of fine fibres compared to the E. coli K1 capsule
(Amako et al., 1988). It may be that the structure of the Klebsiella capsule drives the growth
advantage, by being more conducive to nutrient concentration and uptake. It might also be
that nutrients are stored in the capsule. Further studies are required to clarify these
speculations and determine the role of the Klebsiella capsule towards growth promotion.

Experimental Procedures
Growth rate in the presence/absence of iron and/or citrate
Strain selection: Assuming that the fecIRABCDE operon in conjunction with the Klebsiella
capsule might confer a growth advantage on E. coli, a collection of 24 phylogroup A E. coli
strains which were either Klebsiella capsule-positive or -negative (cap+/cap-) and either did
or did not carry genes for the fec operon (fec+/fec-) were used for the experiments
described below. The strains represented four ‘genotypes’, referred to as cap+fec+, cap+fec, cap-fec+, and cap-fec-, where each genotype was represented by six strains, and whole
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genome data was available for each strain.

The selected strains have a diversity of

sequence type (ST)-capsule type combinations, and were isolated from a variety of sources
(Supporting Information Table 2).
Davis minimal media without citrate was prepared using K2HPO4•3H2O (7 g/l), KH2PO4 (2
g/l), (NH4)2SO4 (1 g/l), MgSO4 (0.1 g/l), and thiamine (0.002 g/l) (Leiby et al., 2012). Glucose
(1 mM) was used as the carbon source. C6H5Na3O7•2H2O equivalent to 1.7 mM disodium
citrate was added to prepare minimal media containing citrate (cit+). Fe(II) was
supplemented immediately before the experiment, from (NH4)2Fe(SO4)2•6H2O to achieve a
final Fe(II) concentration of 10 µM (iron+). Four different media; iron+cit+, iron+cit-, ironcit+, and iron-cit- were prepared.
The strains were dilution streaked on MacConkey agar from -80 oC freezer cultures and
incubated overnight at 37 oC. An isolated colony was inoculated into lysogeny broth,
incubated overnight at 37 oC with shaking at 170 r.p.m., then diluted in sterile normal saline
(0.85% w/v). For acclimation, an aliquot (100 µl) was inoculated into Davis minimal media
without citrate and incubated for 24 h at 37 oC with shaking. A 10 µl aliquot of the diluted
acclimation culture (104 cells/ml) was added to the wells of a microtitre plate, each
containing 190 µl of one of the four media, so as to achieve a starting cell density of
approximately 500 cells/ml. These cultures were incubated at 37 oC in a PowerWavex 340
(BIO-TEK INSTRUMENTS, INC.) plate reader, which automatically records the optical density
(OD) at 600 nm every 10 minutes, with the plate being shaken at high intensity for one
minute prior to every read. Incubation was carried out until stationary phase was reached.
In a microtitre plate, each media sample contained one example of each strain and the
experiment was repeated four times. The maximum growth rate was estimated by
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regressing the natural log of the OD readings against time. The 5-6 consecutive data points
that gave the maximum slope were used to calculate the maximum growth rate.
The same experiment described above was carried out after removing iron from the media,
by adding the iron chelator 2,2’-Dipyridyl (250 µM) (Massé and Gottesman, 2002). This was
to determine if any growth rate advantage would be mitigated in the absence of iron, or
persist.

Presence/absence of genes involved in other major iron uptake systems
E. coli strains carry several other iron uptake systems (Grass, 2006) including enterobactin
(Langman et al., 1972; Ozenberger et al., 1987; Braun, 2003; Grass, 2006), aerobactin (de
Lorenzo et al., 1986; Braun, 2003), salmochelin (Hantke et al., 2003), yersiniabactin (Braun,
2003; Bultreys et al., 2006), and Fe(II) uptake systems (Braun, 2003; Lau et al., 2015). The
presence/absence of these iron uptake systems in whole genomes sequences of the strains
used for the iron/citrate assays was investigated using progressiveMauve genome
alignments

(Darling

et

al.,

2004)

and

the

MicroScope

platform

(https://www.genoscope.cns.fr/agc/microscope/home/).

Growth rate in carbon sources that differ in their uptake mechanism
The results of the growth experiments indicated that the presence of the capsule enhanced
growth. We next wanted to investigate if this growth promotion was due to an enhanced
mode of nutrient uptake possessed by the capsulated strains. For this, two mechanisms by
which nutrients enter the cell through the bacterial outer membrane (porins OmpF and
LamB), and two mechanisms by which nutrients subsequently cross the inner membrane
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(phosphoenolpyruvate: carbohydrate phosphotransferase system-PTS and non-PTS), were
selected. Accordingly, an experiment was performed using four sugars that differ from each
other in their uptake mechanism through the bacterial outer membrane (porins OmpF and
LamB) and inner membrane (PTS and non-PTS) (Travisano and Lenski, 1996). Mannitol and
glycerol diffuse through the outer membrane porin OmpF (Travisano and Lenski, 1996),
while maltose and trehalose enter through the porin LamB (Nikaido and Vaara, 1985; Benz
et al., 1986; Klein and Boos, 1993). Subsequently, mannitol and trehalose cross the inner
membrane and enter the cytoplasm via the PTS system (Erni, 1989; Boos et al., 1990;
Deutscher et al., 2006), while glycerol and maltose enter the cytoplasm via the non-PTS
system (Postma et al., 1993; Deutscher et al., 2006). A close association between the
transport of trehalose and maltose is indicated, and evidence suggests that maltose may
also be transported via the trehalose PTS system (Decker et al., 1999; Steen et al., 2014).
Though the four sugars do not represent the nutrient sources E. coli encounters in nonenteric habitats, they were selected because their uptake systems are well-established
(Travisano and Lenski, 1996), and because the primary focus of the experiment was to
explore if any of the selected nutrient uptake systems was more enhanced in capsulated
strains compared to non-capsulated stains, based on their growth in the sugars selected. It
was hypothesised that an enhanced uptake would contribute to produce better growth. A
constraint in selecting more relevant sugars was that the nutrients that promote E. coli
blooms are not yet defined (Water Research Australia, 2019).
A single colony was taken from MacConkey agar and inoculated into Davis minimal media
(10.6 g/l) having glucose (1 mM) and thiamine (0.002 g/l). These acclimation cultures were
incubated for 24 h at 37 oC with shaking at 170 r.p.m. Davis minimal media each containing
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one of the four sugars; mannitol, glycerol, maltose, or trehalose (180 mg/l), was added to
wells of a microtitre plate in 190 µl aliquots. The acclimation cultures were diluted to a cell
density of 104 cells/ml in sterile normal saline (0.85 % w/v) and 10 µl was used to inoculate
the media in the microtitre plate, so as to have a starting cell density of approximately 500
cells/ml. Incubation was done in an automated PowerWavex 340 plate reader at 37 oC
where the OD of the cultures was measured at 600 nm every 10 minutes. The plate was
shaken at high intensity before each read and incubation continued until stationary phase
was reached. The maximum growth rates were calculated as explained previously.

Growth at low and high glucose concentrations
The following experiment was conducted to determine if capsulated strains have a growth
advantage in either low (0.01 mM) or high (10 mM) glucose concentration. Strains were
grown for a prescribed amount of time and then cell counts were determined.
Minimal media containing a low glucose concentration (0.01 mM) was used for inoculating
the strains at time (t) = 0 and cell densities were determined. The cultures were incubated
for 5.5 h at 37 oC with shaking, then the final cell densities were calculated. A lag phase of
0.5 h was assumed when determining the incubation time. The incubation time was
adjusted to 3 h for high glucose concentration (10 mM) inoculum, taking the faster growth
rate into account. The final cell density (Nf) was compared between genotypes, using the
starting cell density (N0) as a covariate.

Length of lag phase in 10 mM glucose
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The lag time of the strains in 10 mM glucose was determined as follows: Davis minimal
media with glucose (1 mM) was inoculated with a single colony followed by incubation for
24 h at 37 oC with shaking. A 10 µl aliquot of the 24 h culture was used to inoculate each
well of a microtitre plate containing 190 µl of Davis minimal media having glucose (10 mM).
The microtitre plate was incubated in an automated PowerWave x 340 plate reader at 37 oC
and OD readings at 600 nm were taken every 5 minutes. The plate was shaken at high
intensity for one minute before every read. The logarithm of the OD readings was plotted
against time to obtain the growth curves. The lag time was the time interval before the first
two consecutive increases in OD, as obtained from the growth curve. The experiment was
replicated four times.

Statistical analysis
Statistical analyses were performed using JMP 12.2.0 software (2015 SAS Institute, Inc.).
Analysis of variance (ANOVA) was conducted with a full factorial model, with genotype,
media, and interaction as model effects, and technical replicates were incorporated as a
random effect. The final cell density (Nf) at low (0.01 mM) and high (10 mM) glucose
concentrations were analysed by genotype, using the starting cell density (N 0) as a
covariate.

Acknowledgements
This study was funded in part by an Australian Research Council Linkage Grant (Grant No.
LP120100327). Additional support was provided by Melbourne Water, Water Corporation of

Accepted Article

Western Australia, Queensland Bulk Water Authority, Hunter Water Corporation, South East
Water, Yarra Valley Water, City West Water, Sydney Water Corporation, South Australian
Water Corporation, Sydney Catchment Authority, Fitzroy River Water and Victorian
Department of Health. Portions of the research were also funded by Water Research
Australia (2018) Management of Environmental E. coli, Project 1101.

The authors declare that they have no conflict of interest.

References
Amako, K., Meno, Y., and Takade, A. (1988) Fine structures of the capsules of Klebsiella
pneumoniae and Escherichia coli K1. J Bacteriol 170: 4960-4962.
Benz, R., Schmid, A., Nakae, T., and Vos-Scheperkeuter, G.H. (1986) Pore formation by
LamB of Escherichia coli in lipid bilayer membranes. J Bacteriol 165: 978-986.
Berbís, M.A., Sánchez-Puelles, J.M, Cañada, F.J., and Jiménez-Barbero, J. (2015) Structure
and function of prokaryotic UDP-glucose pyrophosphorylase, a drug target candidate.
Curr Med Chem 22: 1687-1697.
Boos, W., Ehmann, U., Forkl, H., Klein, W., Rimmele, M., and Postma, P. (1990) Trehalose
transport and metabolism in Escherichia coli. J Bacteriol 172: 3450-3461.
Braun, V. (2003) Iron uptake by Escherichia coli. Front Biosci 8: s1409-1421.

Accepted Article

Braun, V., and Hantke, K. (2013) The Tricky Ways Bacteria Cope with Iron Limitation. In
Iron Uptake in Bacteria with Emphasis on E. coli and Pseudomonas. Chakraborty, R.,
Braun, V., Hantke, K., and Cornelis, P. (eds). Dordrecht: Springer, pp. 31-66.
Bultreys, A., Gheysen, I., and de Hoffmann, E. (2006) Yersiniabactin production by
Pseudomonas syringae and Escherichia coli, and description of a second yersiniabactin
locus evolutionary group. Appl Environ Microbiol 72: 3814-3825.
Carballès, F., Bertrand, C., Bouché, J-P., and Cam, K. (1999) Regulation of Escherichia coli
cell division genes ftsA and ftsZ by the two‐component system rcsC–rcsB. Mol Microbiol
34: 442 – 450.
Casarez, E.A., Pillai, S.D., and Di Giovanni, G.D. (2007) Genotype diversity of Escherichia
coli isolates in natural waters determined by PFGE and ERIC-PCR. Water Res 41: 36433648.
Cook, K.L., Bolster, C.H., Ayers, K.A., and Reynolds, D.N. (2011) Escherichia coli diversity
in livestock manures and agriculturally impacted stream waters. Curr Microbiol 63: 439.
Darling, A.C.E., Mau. B., Blattner, F.R., and Perna. N.T. (2004) Mauve: multiple alignment
of conserved genomic sequence with rearrangements. Genome Res 14: 1394-1403.
Decker, K., Gerhardt, F., and Boos, W. (1999). The role of the trehalose system in
regulating the maltose regulon of Escherichia coli. Mol Microbiol 32: 777-788.
de Lorenzo, V., Bindereif, A., Paw, B.H., and Neilands, J.B. (1986) Aerobactin biosynthesis
and transport genes of plasmid ColV-K30 in Escherichia coli K-12. J Bacteriol 165: 570578.

Accepted Article

Deutscher, J., Francke, C., and Postma, P.W. (2006) How phosphotransferase systemrelated protein phosphorylation regulates carbohydrate metabolism in bacteria.
Microbiol Mol Biol Rev 70: 939-1031.
Ebrecht, A.C., Orlof, A.M., Sasoni, N., Figueroa, C.M., Iglesias, A.A., and Ballicora, M.A.
(2015) On the ancestral UDP-Glucose pyrophosphorylase activity of galF from
Escherichia coli. Front Microbiol 6: 1253.
Erni, B. (1989) Glucose transport in Escherichia coli. FEMS Microbiol Lett 63: 13-24.
Frost, G.E., and Rosenberg, H. (1973) The inducible citrate-dependent iron transport
system in Escherichia coli K12. Biochim Biophys Acta Biomembr 330: 90-101.
Gervais, F.G., Phoenix, P., and Drapeau, G.R. (1992) The rcsB gene, a positive regulator of
colanic acid biosynthesis in Escherichia coli, is also an activator of ftsZ expression. J
Bacteriol 174: 3964-3971.
Grass, G. (2006) Iron transport in Escherichia coli: all has not been said and
done. Biometals 19: 159-172.
Hall, B.G. (1982) Chromosomal mutation for citrate utilization by Escherichia coli K-12. J
Bacteriol 151: 269-273.
Hantke, K., Nicholson, G., Rabsch, W., and Winkelmann, G. (2003) Salmochelins,
siderophores of Salmonella enterica and uropathogenic Escherichia coli strains, are
recognized by the outer membrane receptor IroN. Proc Natl Acad Sci USA 100: 36773682.

Accepted Article

Higgins, J., Hohn, C., Hornor, S., Frana, M., Denver, M., and Joerger, R. (2007)
Genotyping of Escherichia coli from environmental and animal samples. J Microbiol
Methods 70: 227-235.
Hobbie, J.E., and Hobbie, E.A. (2013) Microbes in nature are limited by carbon and
energy: the starving-survival lifestyle in soil and consequences for estimating microbial
rates. Front Microbiol 4: 1-11.
Ishii, S., and Sadowsky, M.J. (2008). Escherichia coli in the Environment: Implications for
Water Quality and Human Health. Microbes Environ 23: 101-108.
Klein, W., and Boos, W. (1993) Induction of the lambda receptor is essential for effective
uptake of trehalose in Escherichia coli. J Bacteriol 175: 1682-1686.
Koser, S.A. (1924) Correlation of citrate utilization by members of the colon-aerogenes
group with other differential characteristics and with habitat. J Bacteriol 9: 59-77.
Langman, L., Young, I.G., Frost, G.E., Rosenberg, H., and Gibson, F. (1972) Enterochelin
system of iron transport in Escherichia coli: mutations affecting ferric-enterochelin
esterase. J Bacteriol 112: 1142-1149.
Lara, F.J.S., and Stokes, J.L. (1952) Oxidation of citrate by Escherichia coli. J Bacteriol 63:
415-420.
Lau, C.K., Krewulak, K.D., and Vogel, H.J. (2015) Bacterial ferrous iron transport: the Feo
system. FEMS Microbiol Rev 40: 273-298.

Accepted Article

Leiby, N., Harcombe, W.R., and Marx, C.J. (2012) Multiple long-term, experimentallyevolved populations of Escherichia coli acquire dependence upon citrate as an iron
chelator for optimal growth on glucose. BMC Evol Biol 12: 1-9.
Littlefield-Wyer, J.G. (2006) Genetic and phenotypic characterisation of Escherichia coli
isolated from the primary and secondary habitat (PhD Thesis). Canberra, ACT, Australia:
The Australian National University.
Marolda, C.L., and Valvano, M.A. (1996) The GalF protein of Escherichia coli is not a UDP‐
glucose pyrophosphorylase but interacts with the GalU protein possibly to regulate
cellular levels of UDP‐glucose. Mol Microbiol 22: 827-840.
Massé, E., and Gottesman, S. (2002) A small RNA regulates the expression of genes
involved in iron metabolism in Escherichia coli. Proc Natl Acad Sci USA 99: 4620-4625.
Nanayakkara, B.S., O'Brien, C.L., and Gordon, D.M. (2019) Diversity and distribution of
Klebsiella capsules in Escherichia coli. Environ Microbiol Rep 11: 107-117.
Neilands, J.B. (1981) Iron absorption and transport in microorganisms. Annu Rev Nutr 1:
27-46.
Nikaido, H., and Vaara. M. (1985) Molecular basis of bacterial outer membrane
permeability. Microbiol Rev 49: 1-32.
Ozenberger, B.A., Nahlik, M.S., and McIntosh, M.A. (1987) Genetic organization of
multiple fep genes encoding ferric enterobactin transport functions in Escherichia coli. J
Bacteriol 169: 3638-3646.

Accepted Article

Postma, P.W., Lengeler, J.W., and Jacobson, G.R. (1993) Phosphoenolpyruvate:
carbohydrate phosphotransferase systems of bacteria. Microbiol Rev 57: 543-594.
Power, M.L., Littlefield‐Wyer, J., Gordon, D.M., Veal, D.A., and Slade, M.B. (2005)
Phenotypic and genotypic characterization of encapsulated Escherichia coli isolated from
blooms in two Australian lakes. Environ Microbiol 7: 631-640.
Rendueles, O., Garcia-Garcerà, M., Néron, B., Touchon, M., and Rocha, E.P.C. (2017)
Abundance and co-occurrence of extracellular capsules increase environmental breadth:
Implications for the emergence of pathogens. PLoS Pathog 13: 1-30.
Schembri, M.A., Dalsgaard, D., and Klemm, P. (2004) Capsule shields the function of
short bacterial adhesins. J Bacteriol 186: 1249-1257.
Staudenmaier, H., Van Hove, B., Yaraghi, Z., and Braun, V. (1989) Nucleotide sequences
of the fecBCDE genes and locations of the proteins suggest a periplasmic-bindingprotein-dependent transport mechanism for iron(III) dicitrate in Escherichia coli. J
Bacteriol 171: 2626-2633.
Steen, J.A., Bohlke, N., Vickers, C.E., and Nielsen, L.K. (2014). The trehalose
phosphotransferase system (PTS) in E. coli W can transport low levels of sucrose that are
sufficient to facilitate induction of the csc sucrose catabolism operon. PloS One, 9:
e88688.
Travisano, M., and Lenski, R.E. (1996) Long-term experimental evolution in Escherichia
coli. IV. Targets of selection and the specificity of adaptation. Genetics. 143: 15-26.

Accepted Article

U.S. EPA – United States Environmental Protection Agency. (2012) Recreational water
quality

criteria.

Office

of

Water

820-F-12-058.

http://water.epa.gov/scitech/swguidance/standards/criteria/health/recreation/upload/
RWQC2012.pdf
Water Research Australia. (2019) Management of environmental E. coli blooms.
Factsheet Project 1101. https://www.waterra.com.au › publications › document-search
Weiner, R., Langille, S., and Quintero, E. (1995) Structure, function and
immunochemistry of bacterial exopolysaccharides. J Ind Microbiol 15: 339-346.
Westrich, J.R., Ebling, A.M., Landing, W.M., Joyner, J.L., Kemp, K.M., Griffin, D.W., and
Lipp, E.K. (2016) Saharan dust nutrients promote Vibrio bloom formation in marine
surface waters. Proc Natl Acad Sci USA 113: 5964-5969.
Whitfield, C., and Roberts, I.S. (1999) Structure, assembly and regulation of expression
of capsules in Escherichia coli. Mol Microbiol 31: 1307-1319.
Tables and Figure Legends
Table 1. Growth characteristics of E. coli strains with respect to possession of a Klebsiella
capsule and fec operon.
Genotype
Capsule+/fec operon+
Capsule+/fec operonCapsule-/fec operon+
Capsule-/fec operon-

Yield in 10 mM
Glucose (cfu/ml)
Mean  SE
706  84.3
462  66.8
338  65.3
498  78.7

Yield in 0.01 mM
Glucose (cfu/ml)
Mean  SE
4949  549
2977  575
3442  529
2212  617

Lag Phase Duration (min)
in 10 mM Glucose
Mean  SE
26  5.5
36  5.2
48  5.2
88  5.4
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Figure Legends
Fig. 1. Growth rate of E. coli strains representing the four capsule/fec genotypes in four
different media with or without iron and/or citrate.

Fig. 2. Growth rate of E. coli strains representing the four capsule/fec genotypes in media
with reduced iron. DP = 2,2’-Dipyridyl.

Fig. 3. Growth rate of strains of the four capsule/fec genotypes in four different carbon
sources.
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